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THERMODYNAMIC EQUILIBRIUM CALCULATIONS FOR COMBUSTION JETS 
by 
Ralph Scorah1 and J. T. Kimbrell2 
1. SUMMARY 
This paper describes methods for calculating the ideal performance of super-sonic combustion 
jets such as may be used for rocket engines, jet engines, and combustion gas turbines. Methods 
are provided for calculating the exceptionally high values of thrust and power that can be de-
veloped by this type of combustion jet. The principle of thermodynamic equilibrium is employed 
to predict the changes of chemical composition taking place in the burning jet mixture. A com-
plete numerical calculation is given for a high pressure rocket jet using a simple fuel mixture of 
hydrogen and oxygen. 
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FIGURE 1 THE STEADY FLOW COMBUSTION JET 
1. Professor of Mechanical Engineering, University of Missouri, Columbia. 
2. Assistant Professor of Mechanical Engineering, University of Missouri, Columbia. 
2 UNIVERSITY OF MISSOURI, COLUMBIA 
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FIGURE 2 DIAGRAMMATIC ILLUSTRATION OF THE PROBLEM 
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2. STATEMENT OF THE PROBLEM 
Referring to Fig. 1, suitable reactants flow steadily into a high pressure, adiabatic combustion 
chamber in which combustion proceeds at constant pressure. The difference between the kinetic 
energy of the entering reactants and the flowing products is considered negligible. Since no 
external work is performed on or by the reacting materials, the combustion proceeds at constant 
enthalpy to the composition defined by a zero change of free energy and a maximum of entropy. 
These combustion products then flow steadily through an adiabatic de Laval nozzle from which 
they are discharged at low pressure as a high-velocity combustion jet. The reversible expansion 
of the products flowing through the nozzle proceeds at constant entropy, the constant value of 
the entropy being the maximum reached in the combustion chamber. The composition of the 
expanding products in the nozzle changes continuously in accordance with the requirements for 
thermodynamic equilibrium. This stipulation defines the condition line of the nozzle expansion 
process. 
The whole combustion chamber and nozzle expansion process is assumed to be adiabatic 
in the sense that the heat transfer through the containing walls is negligible when compared with 
the time rate of heat release. The fluid flow process is assumed to be steady, continuous, and 
thermodynamically reversible . The combustion products are assumed to be perfect gas mixtures. 
The nozzle continuity relations and the thrust and power of the jet are readily computed 
from the condition line of the nozzle expansion process. The technical situation is illustrated in 
Fig:2. 
3. COMPOSITION VARIABLES 
By using a composition operator, the general composition can be described by using one 
independent composition variable for each independent reaction equation, as follows : 
m m k k 
N =~n. = 11. +~x. cr. = [ N] +~x. cr. 
I 1 k+ll 1 1 I I 1 1 
where N = the total moles of mixture, 
m = the total number of constituents listed in the reactants and the products, 
ni = the moles of a particular constituent, 
x=the independe:it composition variable, 
i = a subscript identifying a particular constituent, 
k = the number of independent composition- variables, 
cri = the composition operator for a particular reaction equation, 
m 
[ N] =~ni = a constant for the mixture= the total moles of the mixture when all k inde-
k + 1 pendent composition variables have zero value. 
The following example illustrates the use of the composition operator and the utility of the 
composition variables. 
Initial Composition 
1 
I 
2 
3 
m=3 
Constituent Moles 
H2 n1 = 1.0 
02 n2 = 0.5 
H2O n3 =0.0 
m 
Ni=~n. = 1.5 
1 1 
Hypothetical Composition 
Moles 
0.0 
0.0 
1.0 
m 
[ N] = n. = 1.0 
k+l 1 
There is one independent reaction equation, namely, 
General Composition 
Moles 
X1 
½x1 
l.O-x1 
H2 +½ O2 =H2O or H2 +½ O2-H2O=O 
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hence, k = 1, and there is one independent composition variable, n1 = nH2 = x1, and the action 
of the operator u1 on the independent variable is defined by the reaction equation, thus 
X1u1 = x1(H2) +½x1(O2) -x1(H2O) = ½x1 
Accordingly, 
N = 1.0 +x1(H2) +½ x1(O2)-x1(H2O) = LO+½ X1 
3 1 m k 
N= n.+~x1u1= n.+~x1u1 
1+1 1 1 k+l 1 1 
Thf> method extends to complex mixtures. 
4. ISENTHALPIC COMBUSTION 
Let H =the enthalpy of the products under the combustion chamber pressure and at temper-
ature T degrees Rankine. Each constituent of the products is a perfect gas, and the enthalpy for 
a mole of constituent gas is, 
h.=JTc dT+h 
I pi Oi 
For each independent reaction equation, the composition operator provides the relation 
T 
cr.h= f u.C dT+u.h 
I 1 p l 0 
and since the enthalpy of the mixture equals the sum of the enthalpies of the constituents 
from which 
m 
m m k 
H=~n.h.= n .h.+~x.cr.h 
1 I l k+1 l I 1 11 
The term nih 0 . represents a summation of arbitrary constants which can be assigned a zero 
k+l 1 
value. Terms of the type o- .h represent the heat of reaction of the independent reactions at T = 0 
l 0 
for the particular specific heat formulations employed . These terms are illustrated by continuing 
the example. 
T T T 
I n.C dT=J i naC dT=l 1.0 C H2O dT k+ 1 1 pi 1 + 1 Pa p 
m 
n.h =0 
k+I l 0 i 
k 1 
x. = X1 = xH2 
1 l 1 
u.C =cr1C =C H2+½C O2-C H2O 
l p p p p p 
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From Sweigert and Beardsley (1) 3 : 
_ 3 T-0.5 C H2 5.76 + 0.578 X 10 T + 20 X p 
T-0.5 
1. C 02 5.7575 - 86 X + 2 p 
_ 3 
T-0.5 11.5175 + 0.578 X 10 T - 66 X + 
- C H2O = - 19.86 + 597 X 
T --0.5 
p 
cr1C 8.3425 + 0.578 X 10- aT + 531 X 
T- 0.5 
p 
The units are Btu per pound-mole per degree Rankine. From Rossini (2), for 
(gas) = H2O (gas): 
0 
LiH 298_16 = - 57,797.9 Cal/gram mole = - 104,036.22 Btu/lb mole. 
f 298.16 °K = 536.688 °R = - (C H2 + ½ C O2 - C H2O)dT - (h H2 + ½ h O2 - h H2O) p p p O O 0 
f 536.688 = - cr1C dT - o.h p 0 
- 104,036.22 = + 22, 195.18 - cr1h 
0 
cr1h = 126,232 Btu/lb mole 
0 
With these data, the enthalpy of the products is given by 
5 
_I 
765XT 
_I 
765XT 
_ I 
7500XT 
6735XT 
H2 (gas) + ½ 02 
H ~ r CPH,0 dT+ x, [ r u,CpdT+ u,ho l (I) 
For isenthalpic combustion, the enthalpy of the products must always equal the initial 
enthalpy of the reactant mixture, so that 
H =IT; n.C dT+~x[ f Tu.C dT+ u.h ] 
o k + l i pi 1 i i p i o 
3. Numbers in parentheses refer to the Bibliography at the end of t he paper. 
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The value assigned H 0 requires special consideration. The reactants may be a mixture of solid, 
liquid, and gaseous constituents. Some reactant constituents may change phase, and some may 
be chemically inert. Chemically active reactant constituents of complicated molecular structure 
invariahly break down to simple products that behave as perfect gases at high temperatures, 
and consequently, only these simple products appear in the high temperature compositions. 
It is beyond the scope of this paper to review a wide range of reactant mixtures. The direct 
procedure is to compute the lower heating value of the reactants at the supply temperature T 0 
thus 
Further 
Hence 
-ql t =ART =AH~98.16 
P, o o 
- ql P, t = HT (products) - HT (reactants) 
0 0 0 
H =H =H . + ql o T (reactants) T (products) p,t 
0 0 0 
0 0 
Ho =HT (products)-AH298.16-A(HT-H298.16) 
0 
For the illustrative example 
which reduces to 
For this example, the equation 
f 
536.688 
- cr1C dT- cr1h -
p 0 
H =H 
0 
when arranged for computation becomes 
For this special case, T is a function of x1 only; 
T =T(x1) . 
(2) 
Calculated values for this example are listed in Table 1 and shown graphically in Fig. 3. 
For the general case, however 
T=T (xi) i=l, 2, .. . . , k 
where k is the number of independent composition variables required to describe the change in 
composition of the products. 
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\ 
Thermodynamic Equilibrium 
T, = 7210 °R _~2;:-
C\J 
(X) 
C\J 
C\J 
0 
II 
)( 
<T.f=O 
T 
500 
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0 Reaction ----
1.0 
x, Moles of Hydrogen 
FIGURE 3 EQUILIBRIUM STATE IN THE COMBUSTION CHAMBER 
TABLE NO. 1 
COMBUSTION CHAMBER EQUILIBRIUM 
Temperature 
OR 
7432 
7300 
7210 Equilibrium 
7200 
7100 
7000 
6642 
x1 = moles of hydrogen 
H = H o--f / T = 0 
0 1 
0.2000 
0.2282 
0.2290 
0.2422 
0.2548 
0.3000 
0.2455 
0.2282 
0.2265 
0.2110 
0.1980 
7 
0 
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5. THERMODYNAMIC EQUILIBRIUM 
Let F = the free energy of the products at a specified pressure and temperature. For a mixture 
of perfect gases 
F=H-TS 
where H = the enthalpy and S = the entropy of the products. 
For a mole of constituent gas 
f. =h--Ts. 
I I I 
where hi =the enthalpy and si =the entropy of a constituent gas. 
For each independent reaction equation, the composition operator provides the relation 
o}=uih-Tuis 
and since the free energy of the mixture equals the sum of the free energies of the constituents 
m 
m m k 
F=};n.f. = }; n.f.+};x.u.f 
l 1 1 k+ l 1 1 l 1 1 
The term n/i represents the free energy of a hypothetical mixture in which there is no 
k+l 
change of composition. At any specified pressure and temperature, the terms fi and u/ are con-
stants. For a differential change of free energy at constant pressure and temperature 
k 
dF=};u.f dx. 
l l I 
For thermodynamic equilibrium 
dF=O 
and hence 
k 
};u.f dx. =0 
l I l 
Now if this relation is to hold for all values of the composition variables xi, it follows that 
u/=0 
where i = 1, 2, ... , k and k is the number of independent composition variables required to 
describe the change of composition of the mixture. Furthermore, 
and 
u.f = u.h -T u.s = 0 
I I I 
u.f u.h 
___!_ = - 1- - O'.S = 0 
T T l 
With A for the reciprocal of Joule's Equivalent and R for the Universal Gas Constant, the above 
relation becomes 
u.f f T u.C dT+u.h 
~= l p l 0 
T T f
T dT 
- u.C -T -u.s +ARu.log p=O 
l p l O I e 
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T 
f o-.C dT+u.h I p I 0 
T 
T 
J dT 
LlFi 
u.C -T-u.s =-ARu.log p=AR log K.=- -T 
1p 10 1 e e1 
where i=l, 2, ... , k. 
Terms of the type uiso represent the entropy change of the reaction at T = 0 for the particular 
specific heat and a-iho formulations used. To evaluate such terms, at least one value of the equi-
librium constant Ki or the free energy of formation LlFi is required. The numerical value of uiso 
for some reactions depends upon the pressure units employed. 
To continue the illustrative example, there is but one independent reaction equation and 
i = I identifies H2 + ½ 02 - H2O 
For this reaction 
LlF. H 0 
I p 2 
- -T =AR log K1= -AR0-1log p =AR log O 5 
e e e p H2 (pO2) · 
For perfect gases 
p N 
so 
AR log Ki=AR log nH20 [1i__]0.5 AR log p 
e e nH2 nO2 2 e 
Evidently for this reaction, the numerical value of AR logeKi depends not only upon the equi-
librium composition as represented by the term 
AR log nH20 [1i__ l 0.5 
e nH2 nO2 
but also upon the units employed to measure the total pressure P of the equilibrium mixture which 
controls the numerical value of the second term 
AR 
- -. log P 
2 e 
From Lewis and von Elbe (3) for T = 3000°K 
log10 K1 = -1.31 
where the pressure is measured in atmosphere units and P = 1 atm. 
The equilibrium composition for this pressure and temperature is, then 
[1i__l 0.5 -0 
nO2 
from which 
The entropy constant o-1s0 is defined by the equation 
[1i__l 0.5 + AR log p nO2 2 e 
JUNE 1950 
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The equilibrium state described above is specified in engineering units by the same composition 
at T = 5400 °R and P = 14. 7 X 144 pounds per square foot absolute. Accordingly, 
f 5400 f 5400 u1C dT+u1h 
u1s = p O u1C dT - 1544 X 2.3026 -1.31) + 1544 X 2·3026 lo 14.7 X 144 
o 5400 P T 778 778 2 glO 
u1s = 103.786 Btu/lb-mole deg. R . 
0 
In general, there are k independent composition variables and k independent reaction 
equations, and for each of the k independent equilibrium equations; an entropy constant of the 
type uiso must be provided as shown above. The composition terms of these k equilibrium equa-
tions must now be expressed by means of the general composition variables which describe the 
composition of the whole mixture. 
In the illustrative example, k = 1 and the one composition variable thus indicated is x1 = the 
moles of hydrogen in the mixture; there is one independent reaction equation, i = 1 which idenitfies 
the reaction 
H2+½ O2-H2O 
and there is one independent equilibrium equation, namely, 
J
T T 
u1CpdT+u1ho I dT AR n H2O [ N ]0.5 
---"------ u1C --u1s + - log P=AR log --- -
T P T o 2 e e n H2 n 02 
The composition term of this equilibrium equation may be expressed in terms of the general 
composition variable x as follows 
n H2O=l-x 
n H2 =x 
n 02 =½x 
N = l +½x=2+x 
2 
with these substitutions 
AR log n H2O [~] 0.5 = AR log 1-x [2+x] 0.5 = AR log (l-x)2 (2+x) 
e n H2 n 02 e x x 2 e x3 
For the illustrative example, the requirement for thermodynamic equilibrium is specified 
by the equation 
T T 
f uiCpdT+uiho I dT AR AR (1-x)2(2+x) 
· ------ - u1C - - u1s +- log P = - log 
T PT o 2 e 2 e x3 
where P = the absolute pressure in pounds per square foot, 
x = t he moles of hydrogen, and 
T = the absolute temperature in degrees Rankine. 
For this special case, T is a function of x and P, 
T =T (x,P) 
(3) 
Calculated values for this example are listed in Table No. 1 and shown graphically in Fig. 3. 
The simultaneous solution of Eq. (2) and Eq. (3) define the equilibrium state attained in the 
combustion chamber. This state is shown in Fig. 3 by the intersection of the curves representing 
these two equations. 
In the general case, however, there are k independent equilibrium equations and one constant 
enthalpy equation, and the equilibrium state reached in the combustion chamber is defined by 
the simultaneous solution of these k + 1 equations. In general, for equilibrium 
T=T (xi, P) i = l, 2, ... , k 
and for constant enthalpy 
i = 1, 2, ... , k 
BULLETIN No. 37 
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6. ENTROPY AT EQUILIBRIUM 
Let S = the entropy of the products at a specified pressure, temperature, and composition. 
For a mole of constituent perfect gas 
jT dT s. = C - + s -AR log p. 
1 pi T oi e 1 
For a mixture of perfect gases 
m m 
S =~n.s. =~n. 
1 l l l l 
T j C dT + s 
p. T oi 
m p 
-AR~n. log n . -
1 1 e 1 N 
Applying the composition operator 
m 
k 
+~x. 
1 l 
[j:.C dT + ,.s 
l p T l 0 
m p 
-AR~n. log n. -
1 1 e 1 N 
The term n-s represents a summ&.tion of arbitrary constants which can be assigned a zero 
k+l 1 0 i 
value. The last term may be expanded for convenience in computation, as follows 
8= jT; n.C dT +~x. jT ,.C dT + ,.s ]-ARi\n. log n.) + ARN log N-ARN log P 
k+ 1 1 Pi T 1 1 p T 1 o 1 1 e 1 e e 
When this equation is applied to the illustrative example, 
and so 
jT dT 
S= C H20-+x 
p T 
m 3 
n.C = nsC =C H20 
k + 1 1 Pi I+ I Ps P 
k I 
~x. =~x1 = xH2 = x 
l 
1 1 
X 
n2=-
2 ' 
jT dT u.C - + u.s 
1 p T 1 o 
X X 
-ARxlog x-AR-log --AR (1-x) log (1-x) 
e 2 e2 e 
X X X 
+ AR (I+ -) log (I+ -)-AR (I+ - ) log P 
2 e 2 2 e 
When P is assigned the combustion chamber pressure in pounds per square foot absolute and 
x and T are assigned coordinate values defined by Eq. (2), this equation provides the entropy 
values in Btu per pound mole degree Rankine units along the isenthalpic combustion curve. 
These entropy values will show a maximum at the combustion chamber equilibrium state de-
JUNE 1950 
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fined by Eq. (2) and Eq. (3) . The entropy of the products is assumed to remain constant at this 
maximum value during the expansion process in the nozzle. 
In this example, the combustion chamber equilibrium conditions are 
P=50 atm. =51JX14.7X144 psf absolute 
T=7210 °R 
x = 0.2282 moles of hydrogen 
X 
2=0.1141 moles of oxygen 
1-x = 0. 7718 moles of water vapor 
Smax = 170.5451 Btu per pound mole degree Rankine. 
The arbitrary constant is taken as zero. 
7. ISENTROPIC NOZZLE EXPANSION 
Through-out the expansion process in the nozzle, the entropy of the product gas mixture is 
assumed to remain constant at the maximum value of entropy reached in the combustion chamber. 
That is 
S =S h b =a constant max c am er 
T [ T I m dT k J dT n.C - +~x. u.C - + u.s k+1 1 pi T l I I p T I O m -AR~ (n. log n.) I e I 1 
+ARN log N-ARN log P=S h b e e max c am er 
TABLE NO. 2 
CONDITIONS FOR ISENTROPIC EQUILIBRIUM EXPANSION 
Temperature 
OR 
7210 
7100 
7000 
6900 
6800 
6700 
6600 
6500 
6400 
6300 
6200 
6100 
6000 
5900 
5800 
5700 
5600 
5500 
5400 
5300 
5200 
5100 
5000 
X1 
moles H2 
0.2282 
0.2187 
0.2129 
0.2068 
0.2010 
0.1960 
0.1887 
0.1817 
0.1764 
0.1696 
0.1641 
0.1570 
0.1486 
0.1433 
0.1369 
0.1302 
0.1216 
0.1159 
0.1096 
0.1029 
0.0961 
0.0896 
0.0829 
p 
atm. 
50.00 
45.71 
39.93 
34.93 
30.42 
25.94 
22.91 
20.06 
16.78 
14.68 
12.32 
9.90 
8.54 
7.74 
6.51 
5.59 
4.10 
3.94 
3.24 
2.70 
2.26 
1.85 
1.54 
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FIGURE 4 CONDITIONS FOR ISENTROPIC EXPANSION AND EQUILIBRIUM 
13 
For thermodynamic equilibrium during the nozzle expansion process, the equilibrium equations 
o}=O where i= 1, 2, ... , k 
must be satisfied simultaneously. This means that k equilibrium equations plus 1 entropy equa-
tion must be solved simultaneously. The general procedure is to 
First, evaluate these k + 1 equations for a temperature less than the equilibrium temperature 
of the combustion chamber; 
Second, eliminate the pressure P and thus reduce the assembly to k equations involving k 
composition variables; 
Third, solve for the k composition variables ; 
Fourth, from the values of the k composition variables, solve for the pressure Pin one of the 
original k + I equations. 
For the illustrative example, the isentropic relation is 
JUNE 1950 
dT dT X X T T l j C H2O-+x I CT.C - +CT.S -ARx log x-AR - log -p T 1 p T 1 o e 2 e2 
X X 
-AR (1 -x) log (1-x)+AR (I+- ) log (1 t - ) 
e 2 e 2 
X 
-AR (It- ) log P=S 
2 e max chamber 
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and the equilibrium relation is Eq. (3). The simultaneous solution of these equations gives the 
equilibrium composition and pressure as a function of temperature during the isentropic expan-
sion of the product gases in the nozzle. The calculated results are listed in Table No. 2 and shown 
graphically in Fig. 4. 
8. NOZZLE CONTINUITY CONDITIONS 
The relation for continuity of flow in the nozzle passage is 
where G = flow rate, lb/ sec. 
F = passage section, ft2 
w = mean velocity, ft /sec 
v = specific volume, ft3/lb 
G w 
F V 
The specific volume is given by the equation of state 
where m = weight of the reactants, lb. 
P = absolute pressure, lb/ft2 
For the illustrative example, 
Calculatcld values are listed in Table No. 3. 
NRT 
V = mJ> 
(1+ ~) 1544 T 
2 
v = --18_P __ 
TABLE NO. 3 
NOZZLE CONTINUITY CONDITIONS 
p V w G/F 
atm. ft3 / lb ft/sec lb/sec-ft2 
50.00 6.5118 0.0 0.0 
45.71 6.9826 2626.0 298.74 
39.93 7.8627 3599.8 457.84 
34.93 8.8324 4331.6 490.41 
30.42 9.9702 4942.4 495.72 
25.94 11.4903 5576.8 486 .65 
22.91 12.7725 5988.9 468.93 
20.06 13.9941 64;49.2 446.20 
16.78 16.8142 6751.3 401.52 
14.68 19.3024 7298.9 378.14 
12.32 22.0691 7670.3 347.56 
9.90 28.4979 8044.8 301.10 
8.54 30.6149 8429.8 275.35 
7.74 33.1185 8743.1 263.99 
6.51 38.5865 9063.3 234.90 
5.59 44.1060 9376.1 212.58 
4.10 58.6700 9850.9 167.91 
3.94 59.8751 9984.7 166.75 
3.24 71.1282 10261.3 144.26 
2.70 88.7000 10403.0 117.28 
2.26 98.9715 10803.9 109.16 
1.85 116.8520 10970.2 93.88 
1.54 137.6900 11313.4 65.27 
a 
ft/sec 
4987.1 
4980.4 
4938.8 
4896.6 
4892.2 
4813.5 
4709.3 
4671.4 
4663.3 
4623.0 
4596.5 
4528.8 
4495.2 
4462.3 
4417.7 
4372.6 
4285.9 
4279.7 
4235.3 
4212.6 
4164.1 
4097.2 
4049.6 
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The mean velocity is derived from the steady flow energy equation. For isentropic, adiabatic 
flow 
Aw2 AHs 
2g m 
Btu/ lb 
from which 
~!Mi: 
w=223.7'l~ ft / sec. 
The termAHs is evaluated by Eq. (1) using the data of Table No. 2, as follows 
A Hs = Hcombustion chamber - Hstate in nozzle 
Calculated values of the mean velocity are listed in Table No. 3 and shown graphically in Fig. 5. 
10 
(§.) = 498 F max 
5 
~(t) 
0+---~---~--~--~-----l 
0 
P aim 
50 
FIGURE 5 THE CRITICAL PRESSURE 
Since values of the mean velocity and the specific volume are now available, values of the 
continuity relation G/ F along the nozzle passage can be computed. These data are listed in 
Table No. 3 and shown graphically in Fig. 5. 
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9. CRITICAL NOZZLE PRESSURE 
The critical pressure of the nozzle is defined by (1) a maximum of the specific flow rate G/F' 
and (2) a mean flow velocity equal to the local acoustic velocity of the expanding gases. The first 
criterion requires the determination of a maximum by trial, the second, the intersection of the 
curves representing the mean flow velocity and the acoustic velocity. Both methods are demon-
strated here. 
Log io p 
k = 1.1207 
2 
Log 10 V 
FIGURE 6 GRAPHICAL EVALUATION OF K 
The expression for the acoustic velocity is 
a= "Jk g P v ft/sec 
where k is the exponent in the equation pvk = C which describes the isentropic expansion process. 
As shown in Fig. 6, the value of k can be found conveniently from a log-log plot of the p-v data 
listed in Table No. 3. For the illustrative example, k=l.1207. The calculated values of the 
acoustic velocity are listed in Table No. 3 and plotted in Fig. 5. The intersection of the acoustic 
and flow velocity curves gives the critical pressure as Pc= 30. 9 atmospheres, and the correspond-
ing maximum value of the specific flow rate is ( G /F) max= 498. Values of the critical pressure and 
the maximum specific flow rate for various combustion chamber pressures are listed in Table 4 
and shown graphically in Fig. 7. 
TABLE NO. 4 
EFFECT OF COMBUSTION CHAMBER PRESSURE ON NOZZLE 
CRITICAL CONDITIONS 
Combustion Chamber 
P atm. 
50 
20 
10 
Critical Nozzle Pressure 
P atm, 
30.9 
11.9 
5.7 
(G/F)max 
lb/sec-ft2 
498 
188 
94 
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The calculation methods described in this paper have now reached a point where a general, 
one-dimensional analysis of the performance of a deLaval nozzle with a burning mixture of 
gases in thermodynamic equilibrium can proceed by several well known ways such as, for example, 
those of Stodola (4). The special case of interest here is that of a de Laval nozzle operating at a 
maximum flow rate with the equilibrium gas mixture expanding to the exit pressure without 
shock or detachment from the nozzle wall. Under such conditions, the throat section of the 
nozzle operates at the critical pressure Pc and specific flow rate at the throat is (G/ F)max. 
500 
Potm. x 10 
0 
0 50 
P otm. 
FIGURE 7 EFFECT OF COMBUSTION CHAMBER PRESSURE ON NOZZLE 
CRITICAL PRESSURE AND MAXIMUM SPECIFIC FLOW RATE 
It follows that the actual flow rate of the nozzle depends directly on the size of the throat 
section area, thus 
from which 
JUNE 1950 
G 
nozzle lGJ 
F throat= F max 
( G) G =F ft2 -
nozzle throat F 
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At the exit section of the nozzle, the continuity relation specifies that 
;nozzle= ( J 
exit exit pressure 
and the required area of the exit flow section is 
G 
F = nozzle 
exit ( J exit pressure 
ft2 
The exit flow area is greater than the throat flow area so the walls of the nozzle must be divergent 
from the throat to the exit. In general, the centerline of the nozzle should be as straight as possible, 
and the divergence angle of the walls from the centerline should be 5 degrees or less to avoid de-
tachment of the jet. 
TABLE NO. 5 
THE EFFECT OF EXIT PRESSURE ON THRUST AND POWER 
p 0 
atm. lb thrust jet HP 
50.00 0 0 
45.71 39,694 94,705 
39.93 51,184 181,468 
34.93 65,971 262,750 
30.42 76,088 342,067 
25.94 85,904 435,523 
22.91 92,251 502,263 
20.06 99,342 582,445 
16.78 103,995 638,283 
14.68 112,431 746,030 
12.32 118,152 823,879 
9.90 123,918 906,280 
8.54 129,851 972,456 
7.74 134,678 1,070,430 
6.51 139,608 1,150,270 
5.59 144,426 1,189,940 
4.10 151,741 1,358,390 
3.94 153,800 1,410,100 
3.24 158,068 1,474,600 
2.70 160,243 1,499,750 
2.26 166,4'20 1,634,540 
1.85 168,980 1,705,460 
1.54 174,278 1,792,361 
10. THRUST AND POWER 
The thrust 0 of the jet is given by the expression 
G 
e= nozzle Xw pounds thrust 
g 
where Gnozzle =the flow rate of the nozzle, lb/sec 
w = the mean exit velocity of the jet, ft; sec 
g =the acceleration of gravity = 32.2 ft/sec2 
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The mean velocity, w; has been shown to be a complicated function of the reactant mixture 
composition, the combustion chamber pressure, and the exit pressure of the jet. The nozzle flow 
rate, G, is also a complicated function of the reactant mixture, the combustion chamber pressure 
and the size of the nozzle throat area. For the conditions of the illustrative example, it is con-
venient to consider tte thrust available at various exit pressures for a nozzle having a unit throat 
20 
10 
0 
0 
Jet HP 
100,000 
Patm 
Lb. Thrust 
10,000 
50 
FIGURE 8 EFFECT OF EXHAUST PRESSURE ON THRUST AND POWER 
OF JET 
area of one square foot. These data are listed in Table No. 5 and shown graphically in Fig. 8. 
The power 1r of the jet is given by the expression. 
Gnozzle w2 
1r = 550 X 2p; jet horsepower. 
Concluding the illustrative example, the jet horsepower available at various exit pressures for a 
nozzle having a unit throat area of one square foot is given in Table No. 5 and shown graphically 
in Fig. 8. 
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